Microfluidics on the fly: Inexpensive rapid fabrication of thermally laminated microfluidic devices for live imaging and multimodal perturbations of multicellular systems by Levis, Megan et al.
St. John Fisher College 
Fisher Digital Publications 
Biology Faculty/Staff Publications Biology 
4-26-2019 
Microfluidics on the fly: Inexpensive rapid fabrication of thermally 
laminated microfluidic devices for live imaging and multimodal 
perturbations of multicellular systems 
Megan Levis 
University of Notre Dame 
Nilay Kumar 
University of Notre Dame 
Emily Apakian 
University of Notre Dame 
Ulises Hernandez 
University of Notre Dame 
Ana Olivares 
University of Notre Dame 
See next page for additional authors 
Follow this and additional works at: https://fisherpub.sjfc.edu/biology_facpub 
 Part of the Biology Commons 
How has open access to Fisher Digital Publications 
b efit d you? 
Publication Information 
Levis, Megan; Kumar, Nilay; Apakian, Emily; Hernandez, Ulises; Olivares, Ana; Ontiveros, Fernando; and 
Zartman, Jeremiah J. (2019). "Microfluidics on the fly: Inexpensive rapid fabrication of thermally 
laminated microfluidic devices for live imaging and multimodal perturbations of multicellular systems." 
Biomicrofluidics 13.2, 024111-024111-13. 
Please note that the Publication Information provides general citation information and may not be 
appropriate for your discipline. To receive help in creating a citation based on your discipline, please visit 
http://libguides.sjfc.edu/citations. 
This document is posted at https://fisherpub.sjfc.edu/biology_facpub/51 and is brought to you for free and open 
access by Fisher Digital Publications at St. John Fisher College. For more information, please contact 
fisherpub@sjfc.edu. 
Microfluidics on the fly: Inexpensive rapid fabrication of thermally laminated 
microfluidic devices for live imaging and multimodal perturbations of 
multicellular systems 
Abstract 
Microfluidic devices provide a platform for analyzing both natural and synthetic multicellular systems. 
Currently, substantial capital investment and expertise are required for creating microfluidic devices using 
standard soft-lithography. These requirements present barriers to entry for many nontraditional users of 
microfluidics, including developmental biology laboratories. Therefore, fabrication methodologies that 
enable rapid device iteration and work “out-of-the-box” can accelerate the integration of microfluidics with 
developmental biology. Here, we have created and characterized low-cost hybrid polyethylene 
terephthalate laminate (PETL) microfluidic devices that are suitable for cell and micro-organ culture 
assays. These devices were validated with mammalian cell lines and the Drosophila wing imaginal disc 
as a model micro-organ. First, we developed and tested PETLs that are compatible with both long-term 
cultures and high-resolution imaging of cells and organs. Further, we achieved spatiotemporal control of 
chemical gradients across the wing discs with a multilayered microfluidic device. Finally, we created a 
multilayered device that enables controllable mechanical loading of micro-organs. This mechanical 
actuation assay was used to characterize the response of larval wing discs at different developmental 
stages. Interestingly, increased deformation of the older wing discs for the same mechanical loading 
suggests that the compliance of the organ is increased in preparation for subsequent morphogenesis. 
Together, these results demonstrate the applicability of hybrid PETL devices for biochemical and 
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ABSTRACT
Microfluidic devices provide a platform for analyzing both natural and synthetic multicellular systems. Currently, substantial capital investment
and expertise are required for creating microfluidic devices using standard soft-lithography. These requirements present barriers to entry for
many nontraditional users of microfluidics, including developmental biology laboratories. Therefore, fabrication methodologies that enable
rapid device iteration and work “out-of-the-box” can accelerate the integration of microfluidics with developmental biology. Here, we have
created and characterized low-cost hybrid polyethylene terephthalate laminate (PETL) microfluidic devices that are suitable for cell and
micro-organ culture assays. These devices were validated with mammalian cell lines and the Drosophila wing imaginal disc as a model
micro-organ. First, we developed and tested PETLs that are compatible with both long-term cultures and high-resolution imaging of cells
and organs. Further, we achieved spatiotemporal control of chemical gradients across the wing discs with a multilayered microfluidic device.
Finally, we created a multilayered device that enables controllable mechanical loading of micro-organs. This mechanical actuation assay was
used to characterize the response of larval wing discs at different developmental stages. Interestingly, increased deformation of the older
wing discs for the same mechanical loading suggests that the compliance of the organ is increased in preparation for subsequent morpho-
genesis. Together, these results demonstrate the applicability of hybrid PETL devices for biochemical and mechanobiology studies on micro-
organs and provide new insights into the mechanics of organ development.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5086671
INTRODUCTION
Microfluidic devices are used across disciplines because of
their versatility in providing controllable microenvironments.1 For
example, biomedical researchers continuously adapt microfluidic
technologies to study single cells, tissues, and whole organisms.2–5
In particular, there has been a significant increase in the number
of studies using micro- and mesofluidic devices in multicellular
eukaryotic model organisms such as nematodes, zebrafish, and
fruit flies.3,5–9 Our laboratory and others have shown that the
development of embryos and postembryonic organs in model
systems can be studied in polydimethylsiloxane (PDMS)-based
devices fabricated using standard lithography.4,6,7,10–14 As a par-
ticular case, microfluidic devices have enabled investigations into
how the microenvironment impacts intercellular signaling in the
Drosophila wing imaginal disc.6 This model organ is useful for
studying developmental questions such as morphogen-based
pattern formation and morphogenesis and for developing new
quantitative assays of multicellular systems.14–17
However, traditional fabrication approaches provide a signifi-
cant barrier to entry for many biology laboratories, including those
focused on developmental biology. The rapid design and validation
of devices individualized to specific multicellular systems, including
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micro-organs, organoids, and small organisms are needed to sig-
nificantly enhance new applications ranging from synthetic devel-
opmental biology to drug development and 3D tissue-based
diagnostics.18–23 Consequently, researchers continue to develop
methods that are cheaper, faster, and easily customizable for new
applications. For example, paper-based24 and 3D printed25 devices
have simplified and lowered the cost of microfluidic devices. These
approaches, however, are limited in optical transparency or the
biocompatibility of materials.24 As one promising technique, xurog-
raphy (“razor writing”) has been used to create geometrically
simple single-channel microfluidic devices and shows promise
as an easy-to-use technique for creating geometrically complex
microfluidic devices.26,27 Xurography of polyethylene terephthalate
(PET) and other thin films allow for new designs with channel and
chamber structures to be rapidly iterated, giving users the ability to
fabricate new prototypes in a matter of minutes without sacrificing
reproducibility.28 Recent biological applications of such devices
have included hydrodynamic dissociation of cell aggregates and
tissues.29 Additionally, xurography of PET laminates (PETLs) can
be used to quickly and inexpensively generate multilayered microfl-
uidic devices.30 However, PETL microfluidic devices have not been
extensively employed for cell and organ culture applications.
Here, we report an extension of PETL-based microfluidic
devices toward cell and organ culture assays. We created and tested
a progression of increasingly complicated PETL-based device designs
for cell and organ cultures. To overcome limitations in optical trans-
parency, we developed devices combining PETLs with glass and
other materials to create a novel hybrid microfluidic platform.
These PETLs are composed of layers of PET film bonded with the
thermal adhesive ethylene vinyl acetate (EVA). By including a
glass layer, we were able to image samples at high resolution
(Fig. S1 in the supplementary material).31
We then further developed and characterized specific devices
useful for a broad range of organ culture studies. We created
a device with a highly complex network of channels to form
chemical gradients across cell populations. We also evaluated the
permeability of a Drosophila wing disc to exogenous molecules
treated in another hybrid PETL device. The device delivered
control and treated media to different sides of the micro-organ.
Our results demonstrate that exogenous (ex vivo) gradients formed
across the wing disc occur under roughly equivalent timescales to
reported metrics of endogenous (in vivo) morphogen gradient
formation.32–34 Finally, we developed a mechano-PETL (M-PETL)
device that controllably perturbs organs with mechanical loading.
We used the M-PETL to characterize the changes in mechanical
properties of wing discs at two different developmental stages. We
found that as wing disc ages, the discs increase in compliance as
they prepare for subsequent morphogenesis. During morphogene-
sis, the discs evert and expand.35 These validated devices and bio-
logical results demonstrate that the hybrid PETL microfluidic is an
extensible platform that enables the analysis and engineering of cel-
lular and multicellular systems. We envision that this method will
broaden the use of microfluidic devices within developmental
biology, mechanobiology and enable low-cost applications for
organs-on-a-chip. In sum, these hybrid PETLs are an inexpensive,




Hybrid PETL microfluidic devices were made through an addi-
tive, layer-by-layer manufacturing process (Fig. 1). Channel and
chamber designs were drawn using commercially available design
software (e.g., Adobe Illustrator or Microsoft PowerPoint). A craft
cutter (Silhouette CAMEO 2) was used to define channel architec-
tures in PET–EVA film, commercially available as laminating
pouches (Scotch, TP3854-100, TP5854-100, Sircle-RL-25-15-1-G).
This general method differs from other similar procedures that use
self-adherent tapes in that it benefits from the robust bonding result-
ing from thermal lamination. An additional advantage is that it is
possible to reposition the layer as needed before adhesion. Channel
height was determined by the thickness of the film used, ranging
from 1 to 10 thousandths of an inch (mil), which correspond to
layer heights of 25 to 255 μm. Overall channel heights were defined
by multiples of any of those dimensions. The number of layers (<10)
that can be superimposed and bonded is determined by the total
thickness of the device and heat-transfer within the laminator.
For imaging purposes, glass coverslips were used as bottom/base
layers or added in between film layers by cutting windows to
the dimensions of the coverslip. We used VWR coverslips that are
size 1, 130–160 μm thick, fitting snugly into a window cut in the
5-mil film. Smaller than size 1.5 coverslips were used here because
we imaged three-dimensional micro-organs that are not attached to
the glass. Two or more layers can be cut to form a window that
accommodates larger sized coverslips. Once cut, the layers were
aligned and kept in place using small sections of double-sided tape
(Scotch R, 3M-3136) to prevent movement during lamination.
Inlets and outlets were outfitted with perforated furniture bumpers
(Scotch, various) to create access points compatible with pipettes
and microfluidic tubing. A Dremel rotary tool with a 1/32-in. bit
was used to perforate the bumpers. Complete equipment and part
list are included in Tables 1 and 2 in the supplementary material.
Flow modeling
The effective diffusivity (Deff) of Hoechst and CellMask™
was determined by fitting the solution of a one-dimensional
reaction-diffusion equation to the experimental data at multiple
time points of 40, 120, 220 and 320 min. Nonlinear regression for
the model was carried out using fitnlm() function of MATLAB.
The results from experiments and corresponding model fits are
shown in Fig. 4.
The CFD analysis of mixing of two Newtonian liquids in
the corresponding microfluidic device designs was done using
OpenFOAM.36 The full description of computational methods and
results are presented in the supplementary material.
Cell and organ cultures
Micro-organ studies were conducted using Drosophila wing
imaginal discs.37,38 Wing discs were dissected from wandering
third instar larvae grown at 25 °C in standard fly food.
DE-Cadherin::GFP expressing flies were used to visualize cell
membranes of the wing discs in the SI-PETL and OP-PETL.39
Sqh::mCherry (Myo-II::mCherry) expressing flies—a gift from the
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Adam Martin Lab—were used to visualize cell areas of the wing
discs in the M-PETL.40 The organs were dissected and cultured in
Grace’s Drosophila Medium (Sigma, G9771) supplemented with
Bis-Tris (Sigma, B9754), Penn-Strep (Gibco, 15140122), and FBS
(Gibco, 10438-026).41 Rat basophil leukemia cells (ATCC, 2256)
were grown in RBL-2H3 medium42 and were seeded in the cell
gradient-PETL (CG-PETL) microfluidic devices at a concentration
of ∼3 × 106 cells/ml.
Reagents
Gradients across the micro-organ were formed with a 0.1%
solution of CellMask™ Deep Red (ThermoFisher, C10046) and
with 10 μM Hoechst (Sigma, bisBenzimide H, B2883) dye dissolved
into Graces Medium prepared according to Dye et al.41 Cell gradi-
ent experiments were performed with 0.05% v/v CellMask™,
10 μM Hoechst, and 0.1% v/v Sytox (ThermoFisher, S34862),
1% red food coloring (McCormick, 52100071077), dissolved in
RBL-2H3 medium.42
Imaging
PETL microfluidic devices were loaded with culture medium
according to the specific cell or organ culture methods detailed
above. Cells were seeded using syringe pumps (Harvard Apparatus
PicoPlus Elite) at a flow rate of 60 μl/min. They were cultured
for 4 h without flow at 37 °C/5% CO2 to allow cells to attach before
introducing the chemical gradient. Organs were placed on the
outlet and drawn into the device by negative pressure while sus-
pended in supplemented Graces medium. Media flowing at 20 μl/h
was used throughout imaging in the PDMS based REM-Chip,
SI-PETL, and OP-PETL.
Time-lapse confocal imaging was done using a Nikon Eclipse
Ti spinning disc confocal microscope (Andor). 10×/NA:0.45-air,
20×/0.75-air, 40×/0.60-air, 60×/1.49-oil, and 100×/1.49-oil objec-
tives were used for experiments as noted. For gradient experiments,
organs were imaged every 5 min for 7 h. Cells in the CG-PETL
were imaged once after gradient formation occurs at t = 5 min. For
viability experiments, we cultured discs in both of the PDMS and
PETL microfluidic devices for 12–15 h with 20 μl/h flow via a
pump before imaging at 20×, 40×, and 100×. Images were captured
using MetaMorph software. Image processing was performed using
FIJI (ImageJ)43 and imported into MATLAB for quantification of
gradients.
Organs were imaged before, during, and after loading in
the M-PETL microfluidic devices. Z-stacks were taken before
compressing. A syringe pump then progressed to pump 50 μl
(1.3 psi applied air), at 1 ml/min and held pressure during imaging,
which occurred immediately after loading. Images were taken with
20×/0.75-air magnification on the Nikon-Andor spinning disc
confocal using a 561 nm wavelength laser, exposed for 200 ms.
Increments of 50 μl of air were successively compressed until a
total 250 μl air was compressed that lead to a totally applied level of
4.8 psi. The pump released the air in the syringe before the final
image was taken of the unloaded disc. Total time of compression
FIG. 1. Design, fabrication, and use of hybrid PETL microfluidic devices. (a) The designs in this paper were drawn using Adobe Illustrator, Microsoft Power Point,
Apple Keynote, or Silhouette Design (SD). The image file of the design is transferred (drag and drop) to the freely available SD software, where further modifications
and resizing may take place. (b) SD software also controls the Silhouette CAMEO craft cutter, which is commercially available ($250 at the time of publication). A film
with thicknesses ranging 1–10 mil, or thousands of an inch is affixed to adherent, reusable mats ($5) and loaded into the cutter. (c) Once the polyethylene
terephthalate-ethylene vinyl acetate (PET-EVA) film layers are cut and removed from the mat, they are aligned on top of or enclosing a glass coverslip. (d) Aligned
layers are thermally bonded using a low-cost commercially available laminator ($35). Perforated vinyl bumpers ($0.15) are attached to inlets/outlets before use. From
design to use, a simple microfluidic device can be prepared in 15 min. After the initial $300 investment, cost of materials of any of the devices used in this paper is
under $1. (e) Flow through the channels and tissue loading is facilitated by syringe pumps, with flows ranging from 0.03 to 100 μl/min. Confocal, fluorescence, and
bright-field microscopy using inverted microscope setups (to image through the glass floor of the device) takes place over the course of seconds to hours. ( f ) Images
are captured in MetaMorph and processed with FIJI.
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was approximately 3 min per z-stack at each pressure and all seven
sets of images were taken within 1 h of culture.
Statistical analysis
Populations of dividing cells in wing discs in both the
PETL and PDMS microfluidics chips were compared using the
nonparametric Mann–Whitney U-test using the MATLAB function
ranksum().
RESULTS
Cell gradient PETLs (CG-PETLs) allow for combined
patterning of cell culture media and imaging
To our knowledge, PETL-based microfluidic devices with the
ability to generate chemical gradients via complex channel designs
have not been systematically evaluated for cell or organ culture
applications. With this in mind, we tested the use of our microflui-
dic devices for cell culture and chemical patterning. We fabricated
a microfluidic device in which a concentration gradient is formed
from two initial solutions in a chip that we termed the Cell
Gradient PETL (CG-PETLs). The flows then mixed via diffusion as
the channels come together in the device and flowed across cells
cultured in five chambers (Fig. 2). The design of this chip was
based on the classic mixing microfluidic chip design.44 This gradi-
ent is highly adaptable and can be customized to find optimal con-
centration of drugs for treatment of cells. To test the use of the
CG-PETL, we created a gradient with CellMask™ across Rat
Basophil Leukemia (RBL) cells (Fig. 3). A gradient of CellMask™
intensity was quantified in Fig. 3(e). Finally, we used Sytox to
measure cell death, 93% of cells were viable after adhesion and cul-
turing for 2–4 h in the CG-PETL [Figs. 3(a)–3(d)].
To reach the desired complexity, the gradient design was split
into several film layers, and a coverslip was embedded immediately
adjacent to the cell chambers (Fig. 2). To prevent leaking between the
coverslip and laminate layers, the design was modified to have
the chamber “step” over the seam. The biggest design challenge with
the CG-PETL chip was to make sure that the layers were aligned cor-
rectly at all points because of the complex multilayer design (Fig. 2).
The use of a small peg-board and pegs along with perforations in
each of the layers allowed them to be aligned and taped to the device
to prevent shifting during the lamination process. Another consider-
ation with the CG-PETL was the propagation and trapping of air
bubbles in the channels due to the sharp turns in the device, which
were minimized by rounding the corners. In the final design (Fig. 2),
each channel was seeded with cells delivered using a syringe pump.
A reservoir held media on one end, allowing the cells to grow without
flow for 4 h as they were attached to the glass coverslip.
Simple imaging PETL (SI-PETL) devices support live
imaging of organs at high resolution
We then developed a platform to monitor growth and
chemical perturbations of organs and cells in applications requiring
high resolution confocal microscopy (Fig. 4). Drosophila wing discs
are a prototype micro-organ for developing engineering methods
to probe cell signaling and biomechanics at the meso-scale
(∼100 s of μm).6,45,46 Recently, investigators have developed a range
of culture conditions to investigate the extrinsic organ culture
requirements to sustain organ growth and morphogenesis.38,47,48
FIG. 2. Cell gradient PETL (CG-PETL)
for cell culture and patterning. (a) Top
view of the CG-PETL designed for
creating a chemical gradient across
cells. (b) Microfluidic device cross
section highlighting the PET-EVA and
glass layers. (c) The PET-EVA layers
are cut before assembly and bonding
to the glass coverslip. (d) The final
CG-PETL has bumpers attached for
inlet and outlet and food coloring high-
lighting the gradient. (e) Contours of
mass fraction of dye within the CG-
PETL calculated with CFD analysis.
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Previous studies have shown that PDMS-based devices support
the imaging of wing discs for extended periods of time with flow of
WM1 Medium.6 Similarly, cells and tissues need to be viable for
extended periods of time in the device for the new hybrid PETL
microfluidic platform to be useful. To the best of our knowledge,
PET-EVA sheets have not been used for this type of closed,
gas-impermeable microfluidic device for culturing cells or organs.
Thus, we tested the long-term culture to verify that we are not creating
FIG. 3. RBL-2H3 cells cultured, imaged, and patterned in CG-PETLs. (a) Sytox green dye marking dead RBL-2H3 cells. 40× images were captured using the 488 laser
with an exposure time of 200 ms on the Nikon-Andor spinning disc confocal microscope. (b) Hoechst dye marking cell nuclei of all cells. 40× images were captured using
the 405 laser with an exposure time of 100 ms. (c) CellMask™ marking cell boundaries. 40×images were captured using the 640 laser with an exposure time of 50 ms.
(d) Merged image of cells for each dye demonstrates that cell toxicity is not a concern for these hybrid devices, (∼93% alive) and that cells are attached. (e) Quantification
of the gradient of CellMask™ across cells normalized to background intensity. Error bars are standard error (SE). (f ) Collated images showing gradient (left to right as indi-
cated by increasing height of underlining red bar) of CellMask™ across cells. Lane 1 is on the left and Lane 5 on the right. Scale bars are 20 μm.
FIG. 4. Simple imaging PETL (SI-PETL)
hybrid PETL microfluidic platform for
micro-organs. (a) Top view of the
SI-PETL designed for culture and
imaging of micro-organs. (b) Microfluidic
device cross section highlighting the
PET-EVA and glass layers. (c) The
PET-EVA layers are cut before assembly
and bonding to the glass coverslip. (d)
The final SI-PETL has bumpers attached
for inlet and outlet connections.
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excessively hypoxic conditions within the device. Additionally, we
compared the viability to PDMS-based devices, which are the current
gold standard for microfluidic devices. To test the viability of the
hybrid PETL microfluidic devices, Drosophila wing imaginal discs
were cultured in the microfluidic devices for 12–14 h in supple-
mented Grace’s Drosophila Medium (Fig. 5).41 The cell divisions were
quantified as a metric of biocompatibility, since cell divisions are a
sensitive indicator of overall organ health. The wing disc organs
cultured in the PETLs showed high amounts of cell division at a
rate comparable to the standard PDMS microfluidic devices.
We compared the viability of wing disc organs in the PETL platform
to PDMS microfluidic devices, the current gold standard.6 Discs can
be cultured in a well-plate for up to 24 h with proliferation peaking at
9–16 h.41 The organs remained alive and healthy under long-term
culture (time >12 h) with a constant flow of media. Dividing cells
were identified by their round shape during mitotic rounding and
quantified (Fig. 5). On average, 13.2 ± 8.1 mitotic cells per disc were
found in PETLs compared to 14.3 ± 3.9 mitotic cells in a traditional
PDMS-based microfluidic device (REM-Chip6,49) after 12–15 h
culture. The results show that populations are not significantly
different, and organ viability in hybrid PETL compares to that of
organs in PDMS. These long-term culture experiments confirmed the
biocompatibility of PETL-based devices.
Organ pattern PETLs (OP-PETL) enable spatiotemporal
control of patterning across micro-organs
Next, we designed a third assay to characterize spatiotempor-
ally controlled chemical delivery to geometrically complex wing
discs. Our goal was to form an exogenous chemical gradient across
FIG. 5. Organ culture and imaging in the SI-PETL chip. (a) Wing imaginal disc expressing DE-Cadherin::GFP inside an SI-PETL chip for culture and imaging. (b) 40× images
showing the wing disc pouch region which was used to quantify dividing cells. Images were captured using the 488 laser with a 200 ms exposure. (c) High-resolution imaging
at 100×, round mitotic cells are marked with red arrows. (d) Quantification of dividing cells 12–15 h into culture in both PDMS and PETL microfluidic devices. Continued cell
division is a sensitive indicator of ex vivo organ health.38 The populations of mitotic cells were compared with the Mann–Whitney U test, generating a p-value of 0.6.
FIG. 6. Organ patterning PETL (OP-
PETL), a hybrid PETL microfluidic plat-
form for organ patterning. (a) Top view
of the OP-PETL designed for creating a
chemical gradient across micro-organs.
(b) Microfluidic device cross section
highlighting the PVC, PET-EVA, and
glass layers. (c) The PVC and PET-EVA
layers are cut before assembly and
bonding to the glass coverslip. (d) The
finished device uses perforated vinyl
bumpers as inlets. (e) Streamlines within
the OP-PETL calculated with CFD analy-
sis showing a diffusion-controlled region
near the wing disc.
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the organ to estimate the timescales for diffusion of small mole-
cules to the membranes and nuclei across a micro-organ in culture.
Precise gradient formation requires an understanding of the partic-
ular diffusivities of chemicals that reach the membrane versus
chemicals that reach nuclei of cells within a tissue. We designed a
chip in which regions of an organ can be perturbed independently
to probe the dynamics of extrinsic chemical gradient formation
(Fig. 6). The design contains parallel channels joined by a small
connecting channel or window with dimensions 200 × 500 μm2
that allow the positioning of an organoid or micro-organ.
We iterated on multiple designs before determining the
optimized form, which included an H-shaped set of channels for
spatiotemporal patterning across the micro-organ (Fig. S2 in the
supplementary material). This was necessary because of the poor
performance for chemically patterning wing discs in a simple,
Y-shaped design that was previously used for patterning geometri-
cally simpler Drosophila embryos.7 Initially, the Y-shaped design
was tested by loading a wing disc and flowing colored PBS through
the device to determine flow patterns within the device and across
the wing disc organ. Wing imaginal discs are shaped like a
flattened “pear” with multiple stereotypical folds (Fig. 7 and Fig. S6
in the supplementary material).50 The asymmetry of the micro-
organ induced flow along each of its sides to proceed at different
rates due to differing lengths along each side. The slowed flow on
one side of the organ resulted in engulfment of the whole organ
from the stream on the other side, preventing exposure of each
treatment to its respective side of the disc. Through iterative design
and testing, we determined that an H-shaped channel provided the
best performance (Fig. 6). The H-shaped channel prevented direct
flow between the two channels and allowed for diffusion led trans-
port of the drug/dye across the tissue. A self-adhesive PVC layer
top/sealing layer of the device was added after manually positioning
the organ to facilitate positioning of the organ inside the chip
(Fig. 6). Because of the ability to rapidly iterate designs, H-shaped
OP-PETL microfluidic devices can be made to fit the exact specifi-
cations of any asymmetric micro-organ or organoid.
CellMask™ and Hoechst dyes were used to provide a readout
of dynamics of dye penetrance into and across wing discs (Fig. 7).
CellMask™ is an amphipathic dye that marks the cell membrane
via both lipophilic and hydrophilic interactions and works quickly
FIG. 7. Spatial patterning of a wing disc by media flow visualized with fluorescent markers in an OP-PETL. (a) Schematic of OP-PETL showing patterning with drug on one side
of the disc. (b) Wing disc imaged at 20× expressing DE-Cadherin::GFP. Image captured with the 488 laser with 200 ms exposure at 20× magnification on the Nikon-Andor spinning
disc confocal microscope. (c) Channel showing Hoechst dye after treating for 6.5 h. Image captured with the 405 laser with 200 s exposure at 20× magnification. (d) CellMask™
Deep Red plasma membrane dye after treating for 6.5 h. Image captured using the 640 laser with 50 ms exposure at 20× magnification. (e) Merged image showing Ecad::GFP in
green, Hoechst in blue, and Cell Mask in red. (f ) Image showing axes for quantification of the gradient formation. (g) Experimental (E) quantification of the CellMask™ patterning
as compared to a diffusion model (M) of the system. (h) Experimental quantification of the Hoechst patterning as compared to a diffusion model of the system.
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to show any membrane area that the media has reached.51 Hoechst
dye intercalates with DNA in the nuclei of live cells and shows the
dynamics of permeation of the dye into the cells.52 Our method
was capable of treating half of the micro-organ, creating a more
accurate internal control for one disc. This allows for comparison
between one side of the disc and the other. In the future, this
device can be used for pharmacological testing of drugs with the
untreated side of the organ included as an internal control.
The effective diffusivities (Deff ) of Hoechst and CellMask™
through the Drosophila wing imaginal disc were found to be
0.031 ± 0.008 μm2/s and 0.11 ± 0.02 μm2/s, respectively. This Deff
was then used to test the validity of these models at multiple time
points of 120, 220, and 320 min. The results of the model and
experiment have been shown in Fig. 7. A qualitative agreement
between the experimental data and model predictions for Hoechst
and CellMask™ was observed [Figs. 7(g) and 7(h)]. The effective
diffusivities obtained for the dyes are very close to the range of
diffusivities for morphogen transport that would be expected to
occur due to transcytosis (∼0.1 μm2/s).32–34 This provides confi-
rmation of the time scale for exogenous signals such as insulin and
ecdysone from outside of the organ to be transported past the
extracellular matrix surrounding the organ.53,54
Mechano-PETLs (M-PETLs) enable low-cost
mechanobiology studies of micro-organs
Microfluidic devices that modulate the mechanical environ-
ment of cells and tissues enable investigation into the interplay
between cell mechanics and cell signaling.6,55 To further advance
the hybrid PETL platform, we created a new device that mechani-
cally compresses micro-organs (Fig. 8). This design uses pneumatic
pressure to deflect a flexible membrane from above the imaging
chamber to apply uniaxial compression to the organ inside the
chamber. This low-cost system enables mechanical actuation of
samples inside of the PETL devices. In addition to the glass and
PET-EVA layers, two additional materials were added to create the
Mechano-PETL (M-PETL) (Fig. 8). A layer made of flexible PVC
(Saran™ Wrap) was included to form the deflectable membrane.
PVC was chosen for the membrane due to being cost effective and
readily available. The final layer was a PET film with EVA coating
on both sides. These double adhesive layers allowed the PVC layer
to be included in the device.
We fit a finite element model to the experimental data to estimate
Young’s modulus of the PVC membrane [Figs. 8(d) and 8(e),
methods in the supplementary material). The estimated Young’s
modulus of 3.8–8.6 GPa is comparable to the literature values of
FIG. 8. Mechano-PETLs (M-PETLs) for
mechanical actuation of micro-organs.
(a) A top view of the M-PETL designed
for compressing micro-organs. (b) Cross
section highlighting the PET-EVA, PVC
and glass layers. (c) The final M-PETL is
loaded with red food coloring in the
central chamber to highlight functioning
of the compression layer. (c0) The red
dye is pushed out of the way when com-
pression is applied via pneumatic pres-
sure. M-PETL recapitulates compressive
functionality from the REM-Chip.9 (d)
Cross section of the chamber short
axis for 0, 3.6, and 9.8 psi applied pneu-
matically from the top. The yellow dotted
line denotes height of the uncompressed
chamber (0 psi). The blued dotted line
denotes the measurement of deflection—
the maximal change in height at each
applied pressure. The chamber is dyed
using a solution of CellMask™. Chamber
compression images were taken at 10×
magnification on the Nikon-Andor spin-
ning disc confocal using the 640 nm
wavelength laser, exposed for 75 ms and
stitched together. (e) Representative
images of the simulation of membrane
deflection. (f ) Displacement of the mem-
brane by applying various pressures.
Experimental (black, n = 4) and simula-
tion results (gray, for average simulated
E plus, minus one standard deviation).
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PVC.56 Through multiple experiments, we found that the M-PETLs
were robust and reproducible, thus enabling controlled deformations
on wing discs.
Using the M-PETL, we characterized the relative deformations
of wing discs from a given mechanical loading at two developmental
stages. We used fluorescently tagged nonmuscle Myo II::mCherry
(sqh::mCherry) as a marker to visualize the shape of the wing discs.
We then quantified the deformation of the ellipse-shaped pouch
regions of the wing discs. The long axis of the ellipse is parallel to
the anterior–posterior axis of the wing disc. The short axis of the
pouch is parallel to the dorsal–ventral compartment axis of the wing
disc. Notably, this transgenic line is slightly developmentally delayed
compared to wild-type flies without the transgene reporter. At 120 h
after egg laying (h AEL), the larvae with the sqh::mCherry genetic
background were still feeding and had smaller wing discs, compared
to wing discs excised from 144 h AEL larvae [Figs. 9(a) and 9(b)].
Release of mechanical loading of wing discs resulted in elastic recovery
of the organ’s shape. Length changes defined by specific landmarks
(see the supplementary material) along the axes under the applied
pressures were used to calculate the observed true strain for each
axis according to equation εl ¼ ln ll0
 
.46
The deformation response of wing discs at each developmental
stage was then quantified at applied pressures ranging from 0 to 5 psi.
During the feeding stages, the wing disc grows exponentially; the
growth rate declines as the organ approaches its final size during
the wandering stage. Growth brings about increasing anisotropy
in organ shapes and increased folding.57,58 The measured strain
for each of the applied pressures along each axis are plotted in
Figs. 9(c)–9(e). Surprisingly, for a given level of mechanical
loading, the observed strains along both the short and long axes of
FIG. 9. Mechano-PETLs enable characterization of strain due to uniaxial compression of wing discs two developmental stages. Max intensity z-projections of 120 h AEL
(a) and 144 h AEL (b) wing discs expressing myo-II::mCherry (sqh::mCherry) under compression from 0 to 5 psi pressure. Initial pouch areas are indicated by the dotted
black line, compressed pouch area is denoted by the white blue line. (c) Observed true strain along the short (x) axis of the ellipse-shaped pouch under compression
ranging from 0 to 5 psi applied pneumatic pressure. (d) Observed true strain along the major (y) axis of the ellipse-shaped pouch. (e) Magnitude of the observed true
strain along the z-axis (tissue height). Error bars are standard deviation (SD). Wing disc organs expressing myo-II::mCherry, images were captured immediately after each
pneumatic pressure application (t < 3 min). Disc images were taken at 20× magnification on the Nikon-Andor spinning disc confocal using the 561 nm wavelength lasers,
exposed for 200 ms. Discs at 120 h AEL (feeding), n = 4. Discs at 144 h AEL (wandering), n = 5.
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the older discs were greater than the younger discs [Figs. 9(c)–9(e)
and Fig. S6 in the supplementary material). This could be attributed
to the relative differences in geometry and extent of folding of the
soft epithelial tissues within the thin layer of extracellular matrix that
surround the organ.59 Table I reports the measured Poisson ratios, v,
for the wing discs with respect to the x, y, and z dimensions as
denoted in (Fig. 9), where the directional Poisson’s Ratios are as




The Poisson ratio for compressions of both feeding (120 h AEL)
and wandering (144 h AEL) larvae are in the range of reported
values of uniaxial stretching, which ranges from 0.29 to 0.53 for the
Drosophila wing imaginal disc.46 The observed increased anisotropy
of the apparent Poisson ratio isotropy along the short axis may be
due to increased tissue folding as the late wing disc prepares to
undergo buckling and eversion to form the future wing blade.35,59
Finally, fitting an approximate model of the 144 h AEL wing pouch
undergoing compression provides an estimate of the apparent
Young’s modulus on the order of 105 Pa (see the supplementary
material), in agreement with previous efforts that utilized a uniaxial
stretching device.60 This result is also consistent with other estimates
for embryonic-type tissues.3 Interestingly, as wing discs prepare for
pupariation, mechanical compliance appears to increase to robustly
facilitate subsequent morphogenesis, which results in dramatic shape
changes of the organ.
DISCUSSION
A wide variety of microfluidic devices allow for microscopy-
based biological applications, ranging from subcellular positioning61
to immobilization of whole organisms.12 Here, we created and
tested four PETL-based microfluidic devices to demonstrate their
potential to serve as low-cost, reliable, and sophisticated set of
research tools for cell and organ cultures, with a specific focus on
developmental biology applications. Our results confirm that
PETL fabrication methods allow for a range of functionalities. For
example, integration of a deflectable, PVC-based membrane com-
ponent enabled us to reproducibly control mechanical perturba-
tions on organs (Figs. 8 and 9). Further, we used experimental
results captured in the M-PETL with finite element analysis to
characterize the relative mechanical responses of wing discs at two
developmental stages. This mechanical actuation led to the inter-
esting result: wing discs appear to increase in mechanical compli-
ance at the tissue level as they approach the final stages of larval
growth. At this stage, the organs are poised to undergo eversion,
which results in extreme morphogenetic changes and requires reg-
ulation of actomyosin contractility.35,62 The M-PETL highlights
the multifunctionality of these low-cost PETL microfluidic devices
for mechanobiology applications of micro-organs and tissues.
Future investigations using the M-PETL will enable systematic
investigations into the interplay between mechanical forces and
tissue growth and signal transduction.45,50,63–65
Currently, PDMS-based devices remain the gold standard for
growing and perturbing cell and organ systems. PDMS is utilized
because of its biocompatibility and rheological properties. An
important drawback of PDMS in microfabrication is the need to
create a mold or master, which usually requires a clean room and a
lengthy lithography process. Currently, microfluidic devices are
designed in a variety of design software applications, from
AutoCAD to Adobe Illustrator. This is because the design layers
have to be printed at ultrahigh resolution for the photolithography
process. The printed layer (mask) has to be aligned perfectly to
prevent blurring or any distortion of the features. Masks are expen-
sive to print and generally include a lag-time as they are usually
printed by a third party.
With the rise in popularity of microfluidic devices, there is
growing interest and need for simplifying and reducing the cost of
microfluidic devices.66–69 Research groups have addressed the fabri-
cation limitations of lithography-based microfluidics with multiple
approaches, each with its own set of strengths and limitations.
For example, one study created PDMS devices from pasta molds68
and another effort developed paper-based microfluidics.24,66 The
pasta molding process is limited to the sizes and shapes of available
pasta. Furthermore, designs cannot be precisely controlled or mass
produced as the designs are crafted by hand. Among many, these
include paper-based devices as well as devices with features cut out
of sticky tape.24,66,69 Paper-based microfluidics may require lithog-
raphy and/or pretreatment of the paper before the device can be
assembled, so they may not actually reduce the need for a clean
room environment.24,66 Additionally, paper is not optically clear or
totally liquid resistant. On the other hand, the ability to precisely
align layers using sticky tape69 is limited because the material is
adhesive at all times, if not aligned properly the adhesive can catch
the side of an organ and tear it during the loading process.
PET, like PDMS, is biocompatible and has been used in a
variety of implantable medical applications.70 With PETLs, the
device’s layers can be positioned precisely before the materials are
adhered together. EVA, the adhesive on laminating sheets, is heat
activated and cures when it is cooled. The process of thermal lami-
nation can be expanded to include a variety of materials, as we
have demonstrated in this work. Here, we introduced glass and
PVC layers, but this can be expanded to a broad range of materials
that can be fed through a laminator.
In addition to the ease of creating complex multifunction
devices with multiple materials, these hybrid PETLs dramatically
lower the cost of microfabrication. An advantage of cutting the
features directly is that the need for a photo-mask is eliminated,
significantly reducing iteration time. It is also notable that the
designs can be drawn in any software. With minimal training,
researchers and students can design, build, test and modify their
designs at a fraction of the time and expense required for
PDMS-based devices.
Thus, hybrid PETL microfluidic devices for developmental
biology and organoid culture applications hold particular promise
because they significantly reduce fabrication time from hours/days
to minutes. Furthermore, the capital costs for a laboratory to gener-
ate a new device are reduced from >$20 000 for traditional
TABLE I. Summary of Poisson’s ratios of the wing disc in the M-PETL.
υxz υyz
120 h AEL 0.3 ± 0.1 0.39 ± 0.06
144 h AEL 0.5 ± 0.1 0.4 ± 0.1
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lithography in a clean room4 to <$300 (Fig. 1 and Tables 1 and 2
in the supplementary material) in the PETL platform, with the
ability to produce a virtually unlimited number of new designs.
Developing devices on the hybrid PETL microfluidic platform
offers the advantage of rapid modifications to accommodate the
ever-changing needs of laboratory experimentation, since varia-
tions of prototypes can be easily built and tested without requir-
ing a new mask for photolithography. Thus, these hybrid PETL
devices are a viable, affordable, rapid prototyping alternative to
PDMS devices that can be adapted in any research lab or educa-
tional setting. A limitation of the PETL platform is that the
cutting resolution is ∼100 μm. We found this acceptable for the
size scales of the devices that we made, but this resolution may
be limiting for some applications. This paper addresses the need
to easily design complex microfluidic devices that are validated
for cell and organ cultures. Using a craft cutter allows researchers
to create devices easily and quickly, being able to customize
devices in a matter of minutes.
CONCLUSIONS
The expanding field of microfluidics for developmental
biology applications increasingly requires precisely constructed
devices with complex features for a variety of applications. Many
engineering and biology laboratories lack ready access to clean
rooms with lithography equipment. Here, we introduce a set of
thermally laminated PET/EVA microfluidic devices that include
other materials such as glass and PVC to greatly reduce financial
and temporal cost for researchers who wish to design and fabri-
cate their own microfluidic devices. We tested the range of assays
in these sophisticated, multilayer PETL devices for the purpose of
culturing and controlling media flow and mechanical loading of
micro-organs for microscopy applications. We report mechanical
properties including strain, Poisson’s ratio and an estimate of the
magnitude of the elastic modulus of the wing imaginal disc, a
prototypical micro-organ used to understand the biophysics of
organ growth and development.14 This tunable prototyping and
fabrication method can be expanded to control the microenvi-
ronment of human organoids as well.71 Our assays highlight the
imaging capability, healthy long-term culture ex vivo, and
mechanical actuation enabled by these devices. Additionally,
these systems decrease the start-up cost of equipment and fabri-
cation for biomicrofluidic devices in cell and developmental
biology research groups to less than $300. The work presented
here introduces a series of assays in rapidly prototyped, advanced
microfluidic devices for bioengineering research. The next genera-
tion of PETL-based assays will enable the expansion of multicellu-
lar engineered systems to bridge many knowledge gaps, including
those related to translational research, educational tools, inexpen-
sive diagnostics, and biosensors.
SUPPLEMENTARY MATERIAL
The supplementary material includes simulation methods,
results and discussion as well as videos of the images collected in
each PETL chip. Tables for equipment list for PETL production are
also included.
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